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 Detailed geologic mapping, spring and two-meter temperature data, and gravity 
and magnetic data constrain the structural controls of the high-temperature (>175°C) 
geothermal system at Gerlach. The system lies along the termination of a major normal 
fault at the southern end of the Granite Range in the southern Black Rock Desert, a 
known favorable setting for geothermal activity. Mapping of Quaternary deposits 
documents Holocene movement on the north-northeast-striking, east-dipping Gerlach 
fault. Dominant orientations of geothermal veins in exposed fossil geothermal systems 
parallel this active, terminating range-front fault, suggesting that it does provide a major 
control on the current geothermal system.  
Locally, there are two areas of geothermal upwelling with separate sets of 
structural controls.  The two areas are expressed by outflow as two sets of springs, Great 
Boiling Springs and Mud Springs, as well as by separate altered bedrock fossil systems 
above the springs. The areas are topographically distinct (neither could represent outflow 
from the other), are separated by relatively lower shallow temperature measurements, and 
are associated with different orientations of the gravity gradient. Prominent northwest-
striking fractures provide areas of enhanced permeability and parallel the secondary set of 
veins in the altered bedrock uphill of Great Boiling Springs. These northwest-striking 
veins are not observed in the area above Mud Springs, but there is an east-northeast-
striking set that is not present above Great Boiling Springs. The presence of east-
northeast-striking structures is supported in the gravity data. These structures could 
represent an ever broader-scale structural connection between the southern termination of 
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The Basin and Range of the western United States has an abundance of 
geothermal activity, and although the geologic requirements for geothermal activity are 
well understood, the exact controls specific to each individual system are generally not 
well defined. Geothermal fluid flows through fractured media, commonly related to or 
resulting from faulting. Therefore, it is important to understand the structure around the 
system in order to know exactly where geothermal fluid is located. Geothermal systems 
are more likely to reside within certain structural settings, and it has been an ongoing 
project of a group of geothermal geoscientists to classify geothermal systems in terms of 
structure (e.g., Curewitz and Karson, 1997; Faulds et al. , 2006, 2011, 2013). 
The geothermal system in Gerlach, located in Washoe County in northwestern 
Nevada (Figure 1), is a high-temperature (>175° C) system, the specific controls of which 
have not been defined. High-temperature systems are of particular interest because they 
can be developed and used for electrical power generation. Additionally, much data that 
are accessible or easily obtainable have not been incorporated or interpreted collectively. 
The area is also logistically easy to get to, as it is located just west of the town of 
Gerlach, and there are roads that make the area quite accessible. 
This paper presents an analysis of the controlling structures on the Gerlach 
geothermal system. I first review some background on geothermal systems. This includes 
the criteria necessary for geothermal activity, a discussion of upwelling versus outflow, 
and a review on favorable structural settings for geothermal systems. I then discuss the 
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geologic setting relevant to the area, from the greater Basin and Range to the Gerlach 
area. I then present the research design for this project. This is followed by the new 
observations and results from the research. These new observations are incorporated with 
existing data for an interpretation of the timing of faulting and geothermal activity to 
provide a basis for an interpretation of controlling structures on the Gerlach geothermal 
system.  
 
Figure 1. Map of the study area with regional Great Basin inset. Major mountain ranges 





Criteria for geothermal activity 
Geothermal systems require three main components: fluid, a heat source, and 
permeability. In any geothermal system, fluid must be present in order to transfer heat 
upward through permeable zones, but heat sources and fluid pathways vary among 
different kinds of systems. Many systems throughout the world are related to heat from 
magmatism, but in the Basin and Range, systems are largely amagmatic (e.g., Hose and 
Taylor, 1974; Blackwell 1983; Faulds et al. , 2004; 2006). In the Basin and Range, the 
heat source and permeability of geothermal systems are related to crustal extension. 
The Great Basin has an anomalously high heat flow, which provides the heat 
necessary for geothermal activity. (e.g., Hose and Taylor, 1974; Blackwell 1983; 
Blackwell et al., 2011). The high heat flow is related to thinning of the lithosphere from 
Cenozoic extension (Blackwell 1983). Crustal thinning brings hot mantle material closer 
to the surface, generating high heat flow. High heat flow through the typically high-
conductivity rocks of the Basin and Range results in raised geothermal gradients 
throughout the region (Blackwell et al., 2007). Although the entire western United States 
has a high geothermal gradient relative to the rest of the country (Figure 2), the 
geothermal gradient in the Great Basin in particular exceeds 50 C/km in ~30% of the 
region (Blackwell et al. , 2007).  
The Great Basin has the permeability necessary to transfer geothermally heated 
fluids. Low-porosity rocks, such as the crystalline rocks found in the northwestern Great 
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Basin, rely on secondary permeability, i.e., faults and fracture zones, for fluid transport 
(e.g., Caine et al. , 1996; Berkowitz, 2002; Faulds et al., 2006, 2011; Faulkner et al., 
2010). These faults and related fracture zones are usually Quaternary (Holocene) (Bell 
and Ramelli, 2007; Faulds et al. , 2006; 2010; 2011; 2013;  Cashman et al. , 2012), as the 
recent movement along faults keeps pathways open and generates new fracture zones 
through which fluid can flow (e.g., Hose and Taylor, 1974; Curewitz and Karson, 1997; 
Faulkner et al., 2010). Open pathways are not commonly found along the main segment  
 
Figure 2. Heat flow map for the United States at a depth of 6.5 km (from Blackwell, et 
al., 2011). Warm colors indicate high heat flow. Most of the western United States has 
elevated temperatures at depth compared to the rest of the country. 
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of a normal fault. Especially in low-
porosity rocks, the main fault plane 
is commonly filled with fault gouge 
and is therefore impermeable 
(Faulkner et al., 2010). Rather, 
permeability is concentrated along 
open subsidiary faults and/or 
damage zones surrounding or at the 
tip of the range-bounding fault 
(Caine et al. , 1996; Curewitz and 
Karson, 1997; Faulkner et al. , 
2010). 
Upwelling vs. outflow 
Geothermally heated fluid 
rises from the reservoir along 
upwelling zones (Figure 3). In the 
Basin and Range, these upwelling 
zones are usually related to normal 
faults and the damage zones that 
surround them. Fracture networks 
are denser and permeability is 
Figure 3. Two scenarios for upwelling geothermal fluid. 
Upwelling fluid from the reservoir is shown in red, 
outflow from the source is shown by the yellow arrow, 
and the water table is shown by the blue dashed line. A) 
fluid rises from the reservoir, reaches a boiling 
temperature below the surface, and steams to generate a 
fumarole at the surface. The surface feature and the 
shallow temperature anomaly reflect the location of 
upwelling B) More common scenario in the Great Basin: 
fluid rises from the reservoir, reaches the water table, and 
flows laterally with the groundwater until the water table 
intersects the surface, forming hot springs. The shallow 
temperatures may be slightly elevated above the 
upwelling, but the hottest temperatures are at the springs. 
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generally greater within the hanging walls of normal faults. Because of this, the hanging 
walls and related fracture zones are the desirable targets for drilling. Where geothermal 
fluids reach boiling or higher temperatures below the surface, fumaroles will form that 
reflect the location of upwelling (Figure 3a) (Richards and Blackwell, 2002).  
Geothermal fluid usually reaches the surface as outflow rather than along the 
upwelling zone. Commonly, the upwelling zone intersects the water table below the 
surface, and flows laterally until the water table intersects the surface (Figures 3b, 4c). 
Mixing of geothermal fluids and groundwater results in misleading surface features, 
namely, hot springs. Hot springs occur where the water table intersects the surface 
(Figures 3a, 4c). The locations and temperatures of these springs do not accurately 
represent the locations and temperatures of the geothermal fluid in the upwelling zone 
(Richards and Blackwell, 2002). Additionally, shallow subsurface temperatures may be 
hot where geothermal fluids mix with groundwater, but cool at depth (Figure 4c). 
Temperature-depth profiles (from which the shallow geothermal gradient is 
derived) are useful in distinguishing between upwelling and outflow zones. Typically, 
temperature increases with depth. Boreholes in areas lacking geothermal activity would 
exhibit linear temperature-depth profiles. Downhole temperatures in a borehole drilled 
into an upwelling zone will increase with depth (Figure 4a). In an outflow zone, 
temperatures will increase rapidly at shallow depths and then reverse, displaying a 
negative slope before increasing again with depth (Figure 4b).  
Shallow (two-meter) temperature surveys in conjunction with some knowledge of 
the structural geology of an area can also be used to distinguish between upwelling and 
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outflow (e.g., Skord et al., 2011). In the case of upwelling along a normal fault, shallow 
temperatures in the footwall will be close to the background value, whereas temperatures 
in the hanging wall will be elevated. The hottest shallow temperatures will occur closest 
to the geothermal surface features, but in the case of outflow resulting in hot springs 




Figure 4. Cross-section 
view of a geothermal 
system and associated 
temperature-depth 
profiles and shallow 
temperature schematic. 
A) temperature at depth 
profile for a well drilled 
into an upwelling zone. B) 
Temperature at depth 
profile for a well drilled 
into an outflow zone. C) 
Cross-section showing 
upwelling and outflow 
with the corresponding 
locations of the wells 
from A and B. D) Typical 
shallow temperature 
measurements in map 
view corresponding to the 
cross-section in C. The 
cooler colors represent 
lower temperatures, and 
the hotter colors 
represent higher 
temperatures. The hottest 
temperatures occur 
above the outflow zone, 
but there is a subtle 
anomaly above the 
upwelling zone. 
Temperatures in the 
footwall remain cool. 
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Favorable structural settings 
Certain structural settings have been found to host most geothermal systems. In 
general, these are settings in which permeability is enhanced in zones of higher fault 
density (Figure 5) (e.g. Faulds et al., 2006, 2010, 2011). The most favorable settings 
within the Great Basin include major fault terminations, fault step-overs, fault 
intersections, and combinations of these and other settings (Faulds et al., 2013).  
One favorable setting is the termination of a major normal fault. Where faults 
terminate, they horsetail into several smaller subsidiary faults (e.g., Kim et al., 2004; 
Faulds et al. , 2006) (Figure 5a). This horsetailing results in a dense network of faults, 
therefore enhancing permeability. Fault terminations are often topographically expressed 
as abrupt ends of mountain ranges (Faulds et al. , 2006, 2011).  
A fault step-over, where one fault zone dies out and another picks up, is also a 
zone of enhanced permeability. Fault step-overs are essentially double terminations, and 
between these terminations relay ramps develop (e.g., Peacock and Sanderson, 1994; 
Faulds and Varga, 1998), which are conducive to fluid flow. A simple relay ramp is one 
in which the hanging wall of one fault is connected to the footwall of another fault. 
Upwelling can occur across the footwall-hanging wall connection and along the 
terminations of each of the overlapping faults (Figure 5c). Step-overs are generally 
expressed on a broad scale as overlapping ends of mountain ranges, or on a more local 
scale as steps in range fronts. 
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As a relay ramp develops, fractures and faults commonly dissect the ramp 
(Peacock and Sanderson, 1994). This results in a hard-linked step-over that provides 
more possibilities for upwelling zones. Upwelling can occur along the footwall-hanging 
wall connection, fault terminations, or the hard-linking faults of the breached relay ramp 
(Figure 5d) (e.g., Peacock and Sanderson, 1994; Faulds and Varga, 1998). Breached relay 
ramps are expressed in the same manner as simple relay ramps. 
Another favorable setting is the intersection of fault zones, especially between 
normal faults and strike-slip or oblique-slip faults. In any fault intersection, certain 
quadrants will have a higher dilation tendency depending on the fault kinematics.  In 
addition to the extensive fracturing produced by intersecting faults, the strike-slip motion 
in combination with normal motion can result in a highly dilational quadrant conducive 
to geothermal upwelling (Figure 5b) 
Perhaps the most favorable setting would be a hybrid or combination of settings. 
In many cases, geothermal systems are marked by a complex structural setting (Faulds et 
al., 2013). More commonly, there is a broad regional structural setting with several 
localized factors within it, and geothermal upwelling may be concentrated within one of 
these secondary settings. For example, the geothermal system at Tuscarora is controlled 
by fault intersections within a small accommodation zone in a broad relay ramp (Dering 
and Faulds, 2012). The geothermal system at Emerson Pass appears to be controlled by 
the intersection of two fault terminations (Anderson, 2013). The McGinness Hills 
geothermal system lies within a broad accommodation zone, but on a local scale, the 
geothermal activity is concentrated along intersecting faults within a step-over (Faulds et 
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al., 2013). These hybrid systems provide the most complex and best settings for 




Figure 5. Simplified 
map view of 
favorable structural 
settings. Zones of 
upwelling are shown 
by red. The black 
ball indicates the 
down-dropped side 




where there is a 
concentration of 
horsetailing faults. 
B) Fault intersection. 
Upwelling occurs 
within the most 
dilational quadrant. 
C) Unfaulted relay 
ramp. Upwelling 
occurs at the fault 
terminations and 
within the relay 
ramp. D) Hard-
linked relay ramp. 
Upwelling occurs 
along the hard-
linked fault, fault 
terminations, and 
hanging walls where 
the hard-linked fault 
intersects them. 
Modified from 






The abundance of geothermal activity in the northwestern Great Basin is 
attributed to its tectonic setting, which generates extension across the region (e.g., Faulds 
et al., 2004, 2012). The Great Basin is an extensional province characterized by north- to 
northeast-trending mountain ranges and basins (Figure 1). The ranges and basins are 
generally bounded by high-angle normal faults. These faults accommodate the extension 
that began around 12 Ma in the northwestern Great Basin (Zoback et al. , 1981; Colgan et 
al., 2006; Lerch et al. , 2007; 2008). Continued extension is documented by recent 
geodetic surveys (e.g., Bennett et al. , 2003; Hammond and Thatcher, 2005; 2007). This 
active extension is further evidenced by active faults expressed as Holocene fault scarps 
across the Basin and Range (e.g., Wallace, 1977; Wesnousky, 2005; Bell and Ramelli, 
2007), as well as historic seismic activity.  
Paleozoic and Mesozoic metavolcanic and metasedimentary rocks, intrusive 
Mesozoic granitoids, and Mesozoic and Cenozoic volcanic rocks dominate the bedrock 
geology of the northwestern Great Basin (e.g. Stewart and Carlson, 1978; Lerch, et al., 
2008). The Mesozoic granitoids are related to the Sierra Nevada batholith. These rocks 
are intruded into the Paleozoic and Mesozoic metamorphic rocks and overlain by Tertiary 






 Pluvial Lake Lahontan covered much of northwestern Nevada during the 
Pleistocene (Figure 6). This was a climatically-controlled lake with many fluctuations in 
lake level throughout time (Benson and Thompson, 1987; Adams and Wesnousky, 1999; 
Adams et al., 2008). All of the basins across the span of the lake were connected from 
45,000 BP to 16,500 BP. The lake reached its first highstand at 20,000 BP, at which point 
it began to regress. This highstand is termed the Eetza highstand, and it reached 1265 m. 
The lake level rose rapidly from 15,000 to 13,500 BP, at which point it reached its 
maximum highstand, the Sehoo highstand (Benson and Thompson, 1987). Soil studies 
give a precise age of ~13 ka for the maximum highstand (Adams and Wesnousky, 
1999).The Sehoo highstand reached ~1330 m (Benson and Thompson, 1987).  
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 Evidence of 
Lake Lahontan and 




are visible in many 
areas, specifically, 
the widespread Sehoo highstand shoreline. This shoreline is used as an important age 
constraint throughout northwestern Nevada, as its formation is fairly well constrained at 
~13 ka. These highstand shorelines are typically expressed as well-preserved, curvilinear 
features at an elevation of 1330 m (Adams and Wesnousky, 1999). In addition to the high 
shoreline, there are nearshore and bar deposits, which generally consist of deposits of 
rounded cobbles in a sandy matrix. Fine-grained lacustrine deposits also span the region. 
Figure 6. The extent of 
Lake Lahontan at its 
maximum highstand, 
the Sehoo highstand at 
~13 ka (stippled 
pattern), and soil study 
sites. Dated Sehoo soil 
sites are indicated by 
boxes around the text. 
From these profiles, an 
age of ~13 ka was 
determined for the 
Sehoo highstand (from 
Adams and 
Wesnousky, 1999). 
Study area shown by 
the yellow star. 
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The many dry lakes and playas of northwestern Nevada, most notably, the Black Rock 
Desert, are remnants of the lake (Benson and Thompson, 1987; Adams and Wesnousky, 
1999; Adams et al., 2008).  
 The study area exhibits many features and deposits produced by Lake Lahontan. 
The Sehoo highstand shoreline is clearly visible on the flanks of the ranges (Figure 7). It 
is expressed as a contour line that follows an elevation of ~1330 m. The nearshore 
deposits typical of the lake are present below the high shoreline (Olmsted, 1975; Faulds 
and Ramelli, 2005). The Black Rock and Smoke Creek deserts in the area are dry lake 
beds left over from the recession of the lake. 
Gerlach 
 Gerlach, located just northeast of the junction of the Black Rock and Smoke 
Creek Deserts, has a variety of geothermal surface expressions. The geothermal system is 
most apparent by the presence of two sets of hot springs (Figure 7). In addition to the hot 
springs, hydrothermally altered bedrock documents a longer history of geothermal 
activity. Siliceous sinter north of one set of springs records deposition from fluids that are 








































































































































































 The Black Rock and Smoke Creek Deserts are separated by the terminations of 
two fault-bounded ranges (Figure 1). The Granite Range bounds the northeastern portion 
of the Smoke Creek Desert and the western flank of the Black Rock Desert (Figure 1). 
The Fox Range bounds the southwestern portion of the Black Rock Desert and the 
eastern margin of the Smoke Creek Desert (Figure 1). 
The Granite Range is a horst bounded on the southwestern, eastern, and 
northeastern sides by major normal faults. On the west side, the Granite Range fault zone 
separates the steep Granite Range and the topographically low Smoke Creek Desert 
(Figure 1). The range-bounding fault here is a west-dipping, north-northwest-striking 
fault zone (Bonham, 1969; dePolo, 1998; 2008; Faulds and Ramelli, 2005). In addition to 
the topography of the range, the fault is expressed by large Quaternary scarps (dePolo, 
1998). 
On the east side, the Granite Range and Black Rock Desert are separated by the 
east-dipping, north-northeast-striking Gerlach fault zone (Figure 1) (Bonham, 1969; 
dePolo, 1998; 2008; Dohrenwend et al., 1991). The topography of the range and several 
fault scarps mark the fault here.  In addition to the surface expression, a sharp change in 
isostatic gravity values (Ponce et al., 2006) supports the presence of the fault. Recent 
movement on this fault is constrained to <15,000 BP along the southern end of the range 
(Dohrenwend et al., 2006).  
A single fault zone bounds the Fox Range on the west side of the range (Figure 
1). This fault zone separates the north-northeast-trending range from the topographically 
low-lying Smoke Creek Desert to the west (Figure 1). The north-northeast-striking, west-
17 
 
dipping fault zone is expressed by west-facing scarps in Quaternary deposits (Inghram et 
al., 1980; dePolo, 1998). A sharp change in isostatic gravity values supports the presence 
of the fault (Ponce et al., 2006). Recent movement on this fault is constrained to <15,000 
BP at the northern termination of the range (Dohrenwend et al. , 1991).  
A ridge of bedrock lies between the northern Fox Range and the southern Granite 
Range (Figure 1). The topographic high has an overall northeast trend. It strikes north-
northeast at the southern end and shifts to a more northeasterly trend northward. The 
topographically lowest and northernmost part of the ridge steps to the right (east) toward 
the southern end of the Granite Range (Figure 1). This feature coincides with the isostatic 
gravity anomaly mapped by Ponce et al. (2006) and may represent a structural connection 
between the ranges. 
Cretaceous granitic plutons comprise the bedrock in the study area. While other 
rocks common to the northwestern Great Basin are exposed in the northern Granite 
Range and southern Fox Range, bedrock in the southern Granite Range and northern Fox 
Range consists entirely of Cretaceous granodiorite. The granodiorite is temporally and 
petrologically similar to the major Sierra Nevada batholiths that were emplaced during 
the Late Cretaceous. The granodiorite is extensively fractured, particularly within the 
southern portion of the Granite Range (Bonham, 1969; Smith et al., 1971; Grose and 
Sperandino, 1975).  
In addition to the range-bounding faults, the degree of fracturing in the 
granodiorite should enhance permeability for fluids throughout the entire region, but two 
prominent features where fracturing is concentrated are of particularly interest to this 
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study. Two planar fracture zones cross the Granite Range at the southern end, forming 
prominent lineaments in air photo/imagery (Figure 7) (Olmsted, 1975). The fracture 
zones run parallel to a planar feature associated with a small right step in the range and 
approximately orthogonal to the general trend of the range and strike of the range-
bounding faults (Figure 7). 
A topographic “bench” of hydrothermally altered granodiorite (hereafter referred 
to as the “altered bench”) represents a location of previous geothermal activity 
(Romberger, 1976). The altered bench is a topographic high of visibly altered rock that 
lies just uphill and west of Great Boiling Springs (Figure 7). Granodiorite in this area 
exhibits propylitic alteration, i.e., biotite and hornblende converted to chlorite and 
plagioclase converted to epidote. The granodiorite is extensively fractured and contains in 
many places mineralized fillings that represent previous fluid pathways. In addition to the 
granodiorite, some altered Quaternary lake sediments comprise the front of the altered 
bench. In some places, siliceous-altered lake sediments are indistinguishable in hand 
sample from the altered granodiorite (Romberger, 1976).  
The active geothermal system is of particular interest because of the high spring 
and reservoir temperatures. There are two sets of springs in the area, Great Boiling 
Springs and Mud Springs (Figure 7), temperatures of which are up to 96.1 and 86.7
o
C, 
respectively (Anderson, 1978). The springs are identical geochemically; both are 
classified as Na-Cl, suggesting that the springs share a reservoir. Silica, Na/K, and Na-K-
Ca geothermometers indicate reservoir temperatures of 175-200°C, which are promising 
for development (Anderson, 1978).  
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Recent (and local) exploration efforts by US Geothermal include temperature-
depth profiles from 26 wells and gravity and magnetic surveys. The majority of the 
temperature depth profiles reflect a shallow plume of thermal fluid that returns to a 
normal background value at depth, i.e., outflow (Figure 8). Gravity and magnetic surveys 
were completed by Magee Geophysical Services LLC, and obtained via Bright Holland 

















































Figure 8. Temperature-depth profiles from US Geothermal data. Most sites reflect outflow 
plumes (as seen in Figure 6.2.2). 
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RESEARCH DESIGN AND METHODS 
This study was designed to constrain the location(s) of upwelling for the Gerlach 
geothermal system. Potential structural interactions that may be controlling the upwelling 
were determined, and these possibilities were tested using a variety of methods. Some of 
the possible controls are immediately apparent from previously mapped faults. Other 
possibilities related to smaller, unmapped faults or fractures may not be apparent but 
must also be considered. All of the previously mentioned favorable structural settings 
(fault terminations, step-overs, and intersections) exist at some scale around the 
geothermal system at Gerlach. Methods to test between these possibilities included 
geologic mapping, temperature measurements of springs, shallow (2 m) temperature 
surveys, and interpretation of existing geophysical data. All data were incorporated into 
an ArcGIS database. 
Possible controls on the geothermal system at Gerlach 
The two fault terminations at the southern end of the Granite Range likely result 
in horsetailing and many fault splays, which would greatly increase possible fluid 
pathways (Figure 9.1). The terminations are evident from the termination of the range 
itself. In addition to the favorability provided by the closely-spaced faults in general, the 
splays likely intersect in many places based on the overall geometry of the faults, 
generating a more localized zone of enhanced permeability.  
The termination of the Fox Range fault zone and its interaction with the Granite 
Range fault terminations (Figure 9.2) could be an additional source of enhanced 
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permeability. As with the faults that bound the Granite Range, the end of the Fox Range 
indicates the northward termination of the Fox Range. Not only is this termination 
probably associated with horsetailing, but also, these splays could intersect with each 
other or with splays associated with the terminations of the Granite Range and Gerlach 
fault zones. An exposed ridge of bedrock between the two ranges follows the strike of the 
Fox Range fault northward but shifts to an east-northeast strike toward the Gerlach fault 
(Figure 9.2). This suggests a possible structural connection between these fault zones.  
A small right step on the east side of the Granite Range suggests a possible relay 
ramp that would be conducive to fluid flow. Roughly 1.7 km north of the southern 
termination of the range, the range front steps to the right, which may be an expression of 
a double termination of faults, one that terminates southward and one that terminates 
northward at the step (Figure 9.3). A relay ramp between the two terminations may be a 
simple relay ramp, or it may be hard-linked to some degree. 
The northwest-striking fracture zones that run across the range have great 
potential to enhance permeability, both individually and by intersecting other structures 
(Figure 9.4). These planar features are oriented approximately orthogonal to the major 
north-northeast-striking faults on the east side of the Granite Range (Figure 9.4). 
Intersection of these features would result in dilation in favorably oriented conduits and 






Figure 9. Map showing possible structures/structural controls on the geothermal system 
at Gerlach. The thick black lines represent faults mapped in the USGS Quaternary fault 
database, red dotted lines are fault terminations, green dashed lines are possible 
structural connections between fault terminations, blue lines are range-crossing 
fractures. Possible controls include: 1) terminations of Granite Range faults 2) 
termination of Fox Range fault and the structural connection between it and the Gerlach 
fault 3) a step-over 4) range-crossing fracture zones/ faults and topographic bench 






Geologic mapping focused on the locations, orientations, and ages of structures 
that could control or contribute to fluid flow in the Gerlach area. The hot springs at 
Gerlach lie at the southeast termination of the Granite Range, so the bedrock geology of 
the southern end of the range was mapped using air photos and field observations (Figure 
10). Color air photos at a 1:24000 scale and USGS topographic maps served as basemaps. 
Primary features of interest included slip surfaces, veins, and fractures that may have 
been pathways for fluid flow.  
Fracture density measurements were taken from representative sites along the 
Granite Range in order to document the orientations and densities of potential fluid 
pathways. Sites within the fracture zones (including the parallel fracture zone associated 
with the small right step in the range) were compared to sites between and away from the 
fractures. All fractures within two by two meter squares were measured at each site 
(Figure 10).  
The veins within the altered sections of granodiorite are of particular interest, 
because they record past geothermal fluid flow and can provide insight into current fluid 
pathways. Orientations, spatial relationships, compositions, and temporal relationships of 
veins were recorded, as they may be analogous to extensional processes in the current 
system. Special attention was paid to cross-cutting relationships to determine the 
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character of the most recent geothermal activity. Reconnaissance of the study area 
revealed a section of altered granodiorite other than that on the altered bench. This area is 
uphill of Mud Springs. (Figure 10). The two areas were mapped separately at a scale of 
1:2000. An additional ten by ten meter map within the area of Mud Springs was 
produced. This map included all fractures and attempted to document any orientations or 
relationships that could be extrapolated across the entire area. 
Quaternary Mapping: 
Quaternary deposits along the eastern range front were mapped in detail in order 
to constrain timing and locations of faults. Black and white air photos at a 1:12000 scale 
were paired with field observations to make a 1:6000 scale map on the USGS 
topographic map base. Units were delineated based on clast size and sorting, elevation, 
relative amount of vegetation, and color and texture in the air photos. Relative ages were 
determined by cross-cutting relationships of the units. Ages were more absolutely 
constrained by relationships with shorelines from Lake Lahontan. Specifically, t he Sehoo 
highstand, dated at ~13,000 BP from radiocarbon data, was used. Faults were mapped by 
the fault scarps visible in the air photos. Scarp heights and slopes were measured in the 
field. Careful attention was paid for possible geothermal indicators , such as silicified 
sands. 
Spring temperature measurements 
Surface temperatures and locations of the orifices at Great Boiling Springs and 
Mud Springs were measured in order to determine any spatial relationships among the 
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springs in terms of temperature, as well as to obtain recent temperature measurements of 
the springs. Temperatures were measured using a temperature probe dropped into each 
orifice found at the two sets of springs. 
Shallow temperature measurements 
Two-meter shallow temperature data were collected to test possible locations for a 
controlling structure and to help define the thermal anomaly at two-meter depths. The 
survey was collected after the style of Sladek et al. (2009). A base station was established 
to provide a typical background value as well as a basis for corrections and normalization 
(Sladek and Coolbaugh, 2013). Two-meter steel probes were drilled into the ground, and 
the temperature was allowed to calibrate for an hour, after which the temperature was 
measured. 
Two traverses and a grid of temperature measurements were designed to test 
specific possibilities for upwelling. Traverse A was a north-northeast line of 
measurements at the base of the east side of the southern tip of the Granite Range (Figure 
10). This traverse was designed to test the possibility of upwelling along the range-front 
fault, particularly where the projections of the range-crossing fractures intersect the fault. 
Traverse B was another north-northeast line of measurements from the southern base of 
the altered bench that was extended northward to determine the extent of the thermal 
anomaly encountered with Traverse A (Figure 10). This traverse was designed to test 1) 
temperatures parallel to but topographically below the thick alluvium cover of Traverse 
A, and 2) temperatures around the small right step. A grid of temperatures (C) was at the 
southeastern termination of the range (Figure 10). The grid was designed to test 
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upwelling along possible approximately east-west oriented structures as well. It was also 
designed to determine the southward extent of the thermal anomaly from Traverse B. 
Geophysical data 
Gravity data obtained from US Geothermal were processed and interpreted to 
refine interpretations of existing structures as well as to test for any previously unmapped 
or blind structures. Gridded Complete Bouguer Anomaly (CBA) data from stations with 
150 m spacing were processed using Geofsoft’s OASIS Montaj to create a continuous 
raster dataset. This dataset was examined for changes in gravity values that may reflect 
structures. 
Magnetic data obtained from US Geothermal were obtained and processed using 
Geosoft’s OASIS Montaj to aid in interpretation of structures in the subsurface. Total 
Magnetic Intensity (TMI) values from stations with 30 m spacing were processed using 
OASIS Montaj to create a continuous raster dataset. This dataset was examined for 
changes in magnetic intensity values that may reflect structures.  
Profiles from three representative lines were extracted using Golden Software’s 
Surfer program. These profiles consisted of 200 evenly spaced points along lines A-A’, 
B-B’, and C-C’ (Figure 10). Gravity and magnetic profiles were examined together and 
separately for features indicative of faults and geothermal activity. A simple Bouguer 
slab correction was calculated along the gravity profiles to quantify basin depth and 




Figure 10: Figure showing locations of methods. The green polygon shows the extent of the map 
area. The red boxes show the two areas of hydrothermally altered granodiorite, where veins and 
fractures were mapped. The black boxes show the locations of Great Boiling Springs and Mud 
Springs, where surface temperatures were measured. Blue lines and box show planned traverses 
A, B, and grid C of two-meter temperature surveys with the actual measurement locations 
shown by the blue dots. The pink stars show Locations A, B, C, D, E, F, and G of fracture 





Geologic mapping for this thesis documents the bedrock and Quaternary geology 
for the study area. Bedrock geology includes the extensively fractured, homogenous 
granodiorite of the Granite Range. At the southern termination of the range, some of the 
granodiorite is hydrothermally altered and dissected by mineralized veins, characteristics 
of which are reported below. Quaternary geology includes alluvial fan deposits, Lake 
Lahontan deposits, and playa and playa margin deposits. Fault scarps cut some but not all 
of these units, providing age constraints on faulting.  
In the following sections, I describe the geology of the study area. I first list the 
characteristics of the bedrock, followed by the characteristics of Quaternary deposits. I 
then describe the structures in these rocks and deposits. I present the broad-scale faulting 
and fracturing first, followed by detailed fracture studies. I then describe hydrothermal 
alteration in the bedrock and Quaternary deposits. 
Bedrock 
 Granodiorite comprises the entirety of the exposed bedrock in the study area. The 
granodiorite is mainly composed of plagioclase, quartz, biotite and hornblende, and alkali 





 Quaternary deposits 
 Mapping of Quaternary deposits over a roughly 10 square kilometer area was 
used to determine locations and recency of displacement of Quaternary faults in the 
region. Deposits in the study area are divided into seven Quaternary units. Quaternary 
units in the map area lie below the Sehoo highstand of Lake Lahontan along the eastern 
flank of the Granite Range. Units include lacustrine deposits of Lake Lahontan, alluvial 
fans, and playa and eolian playa margin deposits. 
The oldest Quaternary unit (Qls) is a group of nearshore deposits in the southern, 
central, and northern parts of the area (Figure 11). The unit is comprised of loosely-
consolidated, subrounded granitic gravel in a coarse sand matrix. Some sublinear to 
gently curved benches of rounded granite cobbles and small boulders are separated by the 
finer-grained granitic gravels. These benches overlie finely-layered lacustrine deposits 
where observed in cross-section (Figure 12). This unit is distinguished in both the field 
and air photo by a higher albedo than adjacent deposits. This unit is interpreted to be the 
same nearshore deposit previously mapped at the southern end of the range (Qsl, 
Olmsted, 1975) and corresponds to lake deposits mapped on the west side of the range 
(Ql, Faulds and Ramelli, 2005). The linear benches of rounded cobbles are interpreted as 
remnants of shorelines, based on the rounding of cobbles and the way they follow 
contour. They are recessional as they overlie deeper-water deposits. 
The oldest remnant alluvial fan deposits (Q3) lie in the northern half of the map 
area (Figure 11). These deposits are comprised of consolidated subangular to subrounded 
granite cobbles in a silt matrix. A thin veneer of loosely consolidated angular granite 
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gravel covers these surfaces. The deposits have gently sloping (~10°) surfaces. 
Vegetation is sparse and consists of mainly sagebrush. These surfaces are elevated ~1-4 
m above those of the younger deposits. The unit is characterized by interfluves that 
generally exhibit a sub-triangular shape in map-view (Figure 11). It is distinguishable in 
air photo by a highly dissected appearance relative to adjacent units. 
 Intermediate-age remnant alluvial fan deposits (Q2) are inset into Q3 in the center 
portion of the map (Figure 11). Subangular to subrounded granite cobbles and boulders in 
a silt matrix comprise the unit. A thin veneer of loosely consolidated angular granite 
gravel covers the surfaces. The deposits have slightly flatter surfaces (~5°) than those of 
Q3. These surfaces are characterized by the presence of grasses in addition to sagebrush. 
The surfaces of these deposits are elevated ~1-3 m above those of the younger units. This 
unit is also characterized by interfluves that generally exhibit elongate sub-triangular 
surfaces (Figure 11). It is distinguishable in air photo by a slightly darker color than the 
adjacent units.  
Recently abandoned alluvial fan deposits (Q1b) span much of the west-central 
portion of the map area (Figure 11). This unit is comprised of loosely to moderately 
consolidated granite boulders and cobbles in a sandy to silty matrix. The deposits are cut 
by active channels (Figure 11). The surface of this unit is lightly vegetated by sagebrush 
and grasses. This unit is characterized by a broad surface that exhibits subdued ridge-and-
swale topography.  
Visibly active channels and adjacent levees (Q1a) cut all previous map units 
across the entire map (Figure 11). The channels are filled with and the levees built up by 
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loose angular granite boulders and cobbles. The sand matrix in the channels is fairly well-
cemented. Near the rangefront, the channels expose bedrock. The surfaces of this unit 
generally lack vegetation. This unit is characterized by ridge-and-swale topography. This 
unit is distinguishable in air photo by a higher albedo than adjacent units. 
Playa deposits (Qp) dominate the eastern and southern portions of the study area 
(Figure 11). Fine, light-colored mud and silt comprise this unit. The broad, flat surface of 
this deposit is lowest-lying of all the map units. It is distinguishable in air photo by the 
high albedo and smooth appearance. The unit is consistent with well-established Black 
Rock Desert playa deposits (e.g. Bonham, 1969; Olmsted, 1975; Faulds and Ramelli, 
2005) 
Playa margin deposits (Qpm) lie outboard of the range front (Figure 11). Fine-
grained silts dominate this unit. The silts are interpreted as eolian, due to the proximity of 
this unit to the playa and the presence of small dunes. The broad surface of this unit is 
lower in elevation and gradient than all adjacent deposits, excluding the playa (Qp). It is 
further distinguished from the playa unit by a marked change to a lower albedo.  
In summary, seven Quaternary units are Lahontan age and younger. Most units 
are dominated by granodioritic detritus derived from the Granite Range. Lake Lahontan 
deposits are distinguished by rounded granite shoreline cobbles overlying finely-layered 






 The Gerlach fault zone (mapped by Bonham, 1969; dePolo, 1998; 2008; 
Dohrenwend et al., 1991), which bounds the eastern side of the Granite Range, is 
expressed by north-northeast-striking fault scarps through Quaternary deposits. No slip 
surfaces were observed in the bedrock. The average strike of the fault scarps is ~020°. 
Scarps cut and truncate lacustrine deposits (Qls) in the central and northern portions of 
the map area (Figure 11). Gravel pit excavations enhance the scarp in some areas. The 
scarp height in this Lahontan-age unit is up to ~7 m. Scarps cut the oldest remnant fan 
deposits (Q3) (Figure 11). Scarp heights in this post-Lahontan unit range from 1 to 4 m. 
Scarps also cut the youngest remnant fan deposits (Q2) (Figure 11). This is the youngest 
unit cut by fault scarps. Scarp heights in this unit range from 0.25 to 1 m.  
 Fault scarps do not cut active and recently abandoned Holocene units. A lack of 
faulting in playa deposits (Qp) and playa margin deposits (Qpm) may be due to absence 
of faults outboard of the range. Continued deposition and modification of these units 
(young age) could also account for a lack of fault scarps. Recently abandoned alluvial 
deposits (Q1b) and active channels (Q1a) obscure fault scarps, as they were deposited 
after faulting events.  
 In summary, Quaternary deposits document recent movement along the north-
northeast-striking Gerlach fault. North-northeast-trending fault scarps through the three 
oldest units (Qls, Q3, and Q2) constrain the age of the most recent faulting to <13 ka and 
younger. Scarps heights are progressively larger in progressively older units. The scarps 




Figure 11. Geologic map of the Quaternary deposits. East-dipping, north-northeast-
striking normal fault scarps through units Kga, Qls,  Q3, and Q2 are indicated by the 









along the Granite 
Range to document the 
orientations and 
densities of potential 
fluid pathways. The 
northwest-striking, range-crossing fracture zones at the southern end of the Granite 
Range (first queried by Olmsted, 1975) should enhance permeability potential. Sites 
within the northwest-striking fracture zones (including the parallel fracture zone 
associated with the small right step in the range) were compared to sites between and 
away from the fractures. All fractures within two by two meter squares were measured in 
each area (Figure 13). 
The unaltered granodiorite is extensively fractured throughout the study area, 
particularly within the vicinity of the northwest-striking fracture zones. The sites within 
these features have on average twice as many fractures as the intervening sites. The 
numerous fractures within the fracture zones have a much stronger preferred orientation 
than those between (Figure 13). 
Figure 12. Laminated lacustrine sediments overlain by more 
massive gravels containing rounded beach cobbles, comprising 
nearshore deposit Qsl. 
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Two sets of strongly-preferred fracture orientations are common to all sites within 
the planar features. Sites B, D, and F display near-vertical fractures that strike northwest 
or northeast to east-northeast (Figure 13). These sets of fractures are roughly orthogonal 
to each other. The northwest-striking set of fractures matches the orientation of the 
fracture zones. 
Sites B and D contain other sets of fractures in addition to the sets that are 
common to all sites. Site B has a set of northeast-striking, shallowly southeast-dipping 
(~35°) fractures (Figure 13). This set is not seen at any other site. Site D conta ins a set of 
subvertical north-northeast-striking fractures (Figure 13). The strike of this set parallels 
the strike of the range-front fault.  
The sites between the fracture zones exhibit a wide array of fracture orientations, 
but three main sets of preferred orientations can be picked out from the combined sites. 
Steeply-dipping northwest- and north-northeast- to northeast-striking sets of fractures 
roughly match the orthogonal sets from within the fracture zones (Figure 13). There is 
also a set of west-northwest-striking fractures that dip steeply to the south (Figure 13). 
In summary, the sites from within the fracture zones have a higher density of 
fractures with stronger preferred orientations than the sites between the fracture zones. 
All sites contain orthogonal sets of northwest- and ~northeast-striking fractures, although 
the orientations of these sets of fractures are much more uniform in the sites within the 
fracture zones. This suggests that the fracture zones may contribute to permeability for 
the geothermal system in the subsurface and that fluid likely ascends along subvertical, 




Figure 13. Lower-hemisphere stereo projections showing fracture orientations from sites 





Alteration and veins in bedrock 
Altered bench above Great Boiling Springs: 
Observations of the general nature of alteration and vein and fracture occurrence 
throughout the altered bench were collected as proxies for current geothermal activity. 
Orientations of, and cross-cutting relationships between, veins and fractures document 
and the relative timing of past fluid pathways. 
Field observations of the altered bench above Great Boiling Springs confirm that 
it is an area of hydrothermally altered granodiorite overlain and onlapped by lacustrine 
sediments. The presence of epidote and chlorite in place of plagioclase and biotite 
suggests propylitic alteration (first documented by Romberger, 1976). The rocks are also 
commonly silicified. This alteration is hydrothermal in nature. Some boulders of altered 
granodiorite are covered by a tufa “rind” (Figure 14c), which would have been deposited 
subaqueously in Lake Lahontan. In addition to the general alteration of the bedrock, the 
altered granodiorite contains hydrothermal veins of three distinct compositions: siliceous 
veins, calcium carbonate veins, and calcium carbonate veins containing siliceous 
fragments.  
The siliceous veins are composed of a typically rust red siliceous material with a 




The siliceous veins can be divided into three sets based on orientation (Figure 
15).  A north-northeast-striking, steeply east- and west- dipping set of veins has the 
strongest preferred orientation. Northeast- and northwest-striking sets are more diffuse, in 
terms of strike as well as dip, although they generally dip steeply.  
The calcium carbonate veins range from a fine-grained calcium carbonate to 
rhombohedral crystalline calcite. Some veins show layers of calcite that indicate 
progressive deposition of calcite, repeated dilation of fractures, and widening of veins. In 
one location, the calcite has a lattice-bladed pattern, different from the typical more 
massive fine-grained calcium carbonate and the rhombohedral crystalline calcite in the 
majority of these veins. This is a boiling texture (e.g., Moncada et al., 2012), consistent 
with geothermometry estimates for the active system. The veins are typically sinuous but 
have overall linear trends (Figure 14). 
The calcium carbonate veins exhibit two main orientations (Figure 15). The 
dominant orientation of these veins is north-northeast-striking and steeply-west-dipping 
(with one east-dipping exception) (Figure 15).  A secondary set of calcium carbonate 
veins strikes northwest and dips to the northeast and southwest. 
Some (~20%) of the calcium carbonate veins contain siliceous fragments. These 
veins appear identical to the calcite veins except for the addition of the silica (Figure 14). 
The siliceous fragments occur either within the calcite veins or as cemented on the 
margin with a fine-grained calcium carbonate cement. These siliceous fragments must 
predate the calcite.  
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All of the calcium carbonate veins containing siliceous fragments strike north-
northeast (Figure 15). These veins dip steeply to the west, with one east-dipping 
exception. 
Silica-coated fractures exhibit four strong preferred orientations (Figure 15). A 
north-northeast-striking set dips steeply (~70°) to the east. Another north-northeast-
striking set dips steeply (~65°) to the west. A more diffuse set of fractures strikes 
northeast and dips (~60°) northwest. A northwest-striking set dips steeply (73-90°) to the 
northeast and southwest. These fractures are visibly darker than the rest of the rock due to 
the thin coating of silica along the fracture plane (Figure 14). These fractures document 
high-temperature silica deposition. However, these fractures do not have a significant 




Figure 14. Photos of the rock types and veins found within the topographic bench above 
Great Boiling Springs. A) altered granodiorite with some silica-coated fractures B) highly 
altered/silicified granodiorite C) tufa “rind” coating on granodiorite D) highly altered lake 
sediments E) silica veins F) calcium carbonate veins (inset of boiling texture on this particular 




Figure 15. Aerial view of the topographic bench above Great Boiling Springs. 
Orientations of the veins are shown by their locations with strike and dip symbols and 
corresponding stereographic projections. Red represents silica veins, blue represents 
calcite veins, green represents silica-within-calcite veins, and black represents silica-
coated fractures. The dashed lines show the projections of the range-crossing lineaments. 
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Cross-cutting relationships in the altered bench document a history of evolving 
fluid pathways and compositions. Northwest-striking joints and veins in the altered bench 
generally cut, and therefore post-date, north-northeast to northeast-striking structures 
(Figure 16). One exception occurs where a set of northeast-striking silica-coated fractures 
cuts a set of north-northeast-striking silica-coated fractures. Although the other age 
relationships have consistent orientations, there is no clear pattern of compositions within 
these orientations. North- and northwest-striking, west-dipping silica veins cut northeast-
striking, southeast-dipping silica veins. Northwest-striking calcite veins cut a northeast-
striking, near-vertical vein of calcite containing silica. One prominent northwest-striking, 
subvertical silica-coated fracture cuts north-northeast- and northeast-striking silica-coated 
fractures. These relationships indicate that geothermal fluids most recently came up along 
northwest-striking fractures. The variability of compositions in specific orientations 
indicates variability in fluid composition and temperature over time. 
An extensive set of joints along the eastern edge of the altered bench strikes 
north-northeast (Figure 17). These are fractures within the altered granodiorite that have 
uniform orientations and no mineralization or slip indicators. They occur at the eastern 
limit of exposed bedrock in the altered bench. The orientation of these joints parallels that 
of the range-front fault.  
In summary, this altered bench documents the presence of geothermal fluids along north-
northeast-, northeast-, and northwest-striking fractures. Silica deposition occurs along all 
three of these orientations. Calcite deposition occurs along the north-northeast-striking 
and northwest-striking fractures. Calcite containing silica occurs in north-northeast-
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striking veins. The north-northeast orientation is common to all compositions. These 
veins match the strike of an extensive set of joints along the eastern edge of the altered 
bench, which parallels the strike of the range-front fault. The northwest-striking veins 
match the orientation of the northwest-striking, range-crossing fracture zones. These are 
apparently the youngest set of veins. These veins are composed of silica or calcite. The 
different compositions of northwest-striking veins, as well as the fact that all calcite 
containing silica veins strike north-northeast, document a complex history of open fluid 
pathways and temperatures. In the altered bench above Great Boiling Springs, geothermal 
deposition occurred at changing temperatures along north-northeast-striking, northeast-
striking, and most recently, northwest-striking structures. These orientations are 
consistent with the orientations of the range-front fault and range-crossing fractures, 
respectively.  
Altered area above Mud Springs: 
There is a second hydrothermally altered area lying above Mud Springs. The 
0.035 square kilometer area is smaller but similar in character to the bench above Great 
Boiling Springs. This area also exhibits veins of silica, calcium carbonate, and calcium 
carbonate containing silica (Figure 18). Because of the smaller area but same relative 
density of veins in this area, the data sets here are smaller than those from the altered 
bench. This area lacks the exposed silicified lacustrine sediments of the bench but does 





Figure 16. Stereographic projections and corresponding photos of cross-cutting vein 
relationships observed within the altered bench. Dashed lines represent older veins, and 




Figure 17. Orientations of joints 
along the eastern edge of the 
topographic bench. The orientations 
are very consistent and parallel the 
strike of the range front, suggesting 
proximity to a fault. 
Figure 18. Photos of typical rocks and veins observed in the altered area above Mud 
Springs. A) altered granodiorite B)  tufa rind on altered granodiorite C) silica veins D) 




The silica veins above Mud Springs have a broad range of orientations, but three 
sets can be distinguished (Figure 19). A roughly north-striking, subvertical to vertical 
(85-90°) set of veins has the strongest preferred orientation (Figure 19). A northeast- to 
east-northeast-striking, steeply north-dipping (76-87°) set of veins is also discernible 
(Figure 19). A few veins strike north-northwest. These veins have steep to vertical dips 
(72-90°) (Figure 19). The silica veins are <1.0 cm in width and have a reddish-brown 
color and a milky to waxy luster (Figure 18). 
Calcite veins comprise two sets with strong preferred orientations (Figure 19). 
One set strikes north to north-northeast. These mostly dip steeply (~80°) to the east. A 
second set strikes east-northeast (to east-southeast). These are near-vertical (82-85°), with 
the exception of the east-southeast-striking, steeply north-dipping (68°) vein included in 
this set (Figure 19). These veins are typically composed of crystalline calcite, and many 
exhibit layers of calcite parallel to the long direction of the vein (Figure 18). Nucleation 
of calcite on fracture walls and inward growth indicates progressive dilation and filling of 
veins. 
Veins of silica-within-calcite have a broad range of orientations that range from 
north-striking to roughly east-striking, but two main sets of orientations can be discerned 
(Figure 19). North-northeast-striking veins dip steeply (70°-90°) to the east. These veins 
resemble the silica-within-calcite veins above Great Boiling Springs in that they appear to 
contain broken silica fragments trapped within calcite. East-striking (east-northeast and 
east-southeast) veins are vertical. These veins differ from the silica-within-calcite veins 




center of clearly layered calcite (Figure 18). In this case, the silica post-dates the calcite. 
This indicates high-temperature silica deposition within a calcite vein undergoing 
continued dilation. 
The cross-cutting relationships in this area show a general pattern of more 
northerly-striking structures cutting easterly-striking structures (Figure 20). Vertical, 
north-striking silica veins cut an east-northeast-striking silica vein as well as an east-
Figure 19. Aerial view of the altered area above Mud Springs. Orientations of the veins are 
shown by their locations with strike and dip symbols and corresponding stereograms. Red 




northeast-striking silica-within-calcite vein. Steeply east-dipping, north-striking calcite 
veins cut a north-dipping, east-southeast-striking calcite vein. This indicates that the most 
recent deformation and hydrothermal activity involved east-west extension and fluid flow 
along northerly striking veins. The older veins include all three distinct types of veins, 
and these veins are cut by both silica and calcite veins. This indicates a complex histor y 
of changing fluid temperatures and pathways. 
  
Figure 20. Stereograms and corresponding photos of cross-cutting vein relationships 
observed in the altered areas above Mud Springs. Red lines represent silica veins, blue 
lines represent calcite veins, and green lines represent silica-within-calcite veins. Dashed 




A map of all the mineralized veins and unmineralized fractures in a ten-by-ten-
meter area of this altered section documents patterns of mineralization and fracturing that 
are consistent with the patterns of the overall altered area. At this scale, fractures that 
exhibit some siliceous coating were included with the siliceous veins. These silica-filled 
structures comprise two sets of orientations. One set strikes north and is vertical to west-
dipping. Another set strikes east-northeast to east-southeast and is vertical to steeply 
~south-dipping. The calcite veins strike east-northeast to east-southeast and dip steeply to 
the south. Silica-within-calcite veins strike east-northeast to east-southeast and dip 
steeply to the south. Unmineralized fractures strike north-northeast, northeast, northwest, 
and east-northeast. The dips of these fractures are all vertical to steeply dipping to the 
east, southeast, west, and south, respectively. The fracture orientations are the same sets 





In summary, this altered area documents the presence of geothermal fluids along 
north-northwest-, north-, north-northeast-, and east-northeast- to east-southeast-striking 
fractures. Silica depositions occurs along all of these orientations. North-northwest-
striking veins are all composed of silica. Calcite deposition occurs along north- to north-
northeast- and east-northeast to east-southeast-striking fractures. Calcite containing silica 
Figure 21. Left: Map of detailed vein and fracture measurements from the altered area above 




occurs as north-northeast- and east-northeast- to east-southeast-striking veins. The north-
northeast-striking veins match the orientation of the range-front fault, just as within the 
altered bench above Great Boiling Springs. The north-northwest- and north-striking veins 
are apparently the youngest set of veins. The east-northeast- to east-southeast-striking 
veins were only observed in this altered area and may represent previously unmapped 
structures at the southern end of the termination of the Gerlach fault zone.  
Alteration in Quaternary deposits 
 Hydrothermally altered Quaternary deposits in specific locations document 
geothermal activity during the Quaternary. The altered bench contains hydrothermally 
altered lacustrine sediments (formerly Qls) in addition to the altered bedrock. This 
indicates that deposition of the Lahontan unit preceded some of the alteration. These 
sediments are silicified blocks of a fine-grained material with some of the original 
bedding preserved (Figure 14d). No veins were observed in the silicified lacustrine 
blocks. The altered bench is overlain in places by unaltered tufa deposits. This indicates 
that the hydrothermally altered rocks were exposed beneath Lake Lahontan. The presence 
of unaltered tufa along with altered lacustrine sediments suggests that the subsurface 
geothermal activity and subsequent exposure were coeval with Lake Lahontan.  
No other alteration in Quaternary units was observed; however, siliceous sinter 
deposits at great Boiling Springs document high temperature fluids reaching the surface. 
A ledge of sinter occurs north of the majority of these springs. Several factors contribute 
to sinter deposition, but in general, for a 50°C geothermal fluid to be depositing sinter at 
the surface, reservoir fluids must exceed 175°C (Rimstidt and Cole, 1983).  
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Quaternary geothermal alteration and deposits indicate recent high-temperature 
geothermal activity slightly uphill of the active expression of the system at Great Boiling 
Springs and Mud Springs. 
Spring temperature measurements 
Great Boiling Springs 
Temperatures of eighty-four orifices over an area of ~0.24 square kilometers at 
Great Boiling Springs range from 23.4-94.0° C (Figure 22; Table 1). The springs come to 
the surface east of the southern tip of the Granite Range in low-lying, fine-grained playa 
margin deposits. They likely represent outflow from the source, due to their low elevation 
and proximity to the water table. Wells near Great Boiling Springs record rapidly-
increasing temperatures near the surface that reverse sharply with depth (Peregrine 1, 18-
10, Figure 8). This pattern is consistent with the temperature-depth profiles of outflow 
features.  The temperatures do not seem to show any spatial pattern. The hottest 
temperatures come from small orifices that do not have the surface area to lose significant 
amounts of heat (Figure 22). The near-boiling temperatures of these pools, as well as 
presence of some sinter deposits and bubbling mud pots, suggest that these outflow 





Figure 22. Map showing the extent of Great Boiling Springs and the temperatures at 
each of the orifices. The black rectangle indicates the area where siliceous sinter is found 




Temperatures of eleven orifices at Mud Springs over an area of 0.15 square 
kilometers range from 18.2-85.3° C. (Figure 23; Table 2). These springs occur to the 
southeast of the Granite Range in similar low-lying, fine-grained playa margin deposits to 
those of Great Boiling Springs. There are fewer geothermal features here than at Great 
Boiling Springs. The temperatures of the springs are slightly less than those at Great 
Boiling Springs, but overall, they have a similar range and still reach hot temperatures. 
The linear, stream-like pattern near the center of the map is in fact a stream that flows 
from a main pool, shown by the red dot at the northern end of the line. This geothermal 
stream cools progressively downhill to the south. Cold streams and springs occur to the 
west of the springs measured here. 
Summary of hot springs 
Overall, both sets of springs are probably outflow features that are likely proximal 
to the upwelling. Temperature measurements from wells show patterns distinctive of 
outflow. However, water in the orifices reaches near-boiling temperatures at both sets of 





Shallow temperature measurements 
Temperature readings at two-meter depths were taken from 17 locations across a 
~4.7 km total traverse parallel to the east side of the Granite Range and a ~0.8 km 
traverse along the southern termination of the range (Figures 10, 24). Traverses A, B, and 




grid C were designed to test the specific possibilities for upwelling zones. Overall, 
temperatures were elevated across the entire area. Corrected temperatures ranged from 
15.8 to 53.0° C and differed from local background values by up to +33.5° C. 
Temperatures along north-northeast-trending Traverse A ranged from 20.6-23.1° 
C, within 1.1° C below and 1.4° C above the calculated background temperature (Figure 
24). This traverse was designed to test whether the range-crossing fracture zones and the 
small right step in the range front control geothermal fluid flow. These values across the 
traverse do not appear to reflect a zone of upwelling along either of these fracture zones. 
It should be noted that there is a thick cover of alluvium in this area, which may obscure 
possible elevated temperatures in the shallow subsurface. 
Temperatures along north-northeast-trending Traverse B ranged from 15.8-53.0° 
C, from 3.6° C below to 33.5° C above the background temperature (Figure 24). These 
temperatures were measured to test the same possibilities as those of Traverse A, but 
topographically lower, where alluvium is not as thick. The hottest point of the entire 
survey (53.0 C) lies along strike of the northern fracture zone (Figure 24). Temperatures 
decrease toward the southern fracture zone, and northward toward the right step, but they 
are still high relative to the rest of the survey. The traverse was extended northward to 
determine the extent of this anomaly. Temperatures decrease progressively northward 
from the right step, reaching the lowest temperature of the survey at the northernmost end 
of the traverse. The elevated temperatures extend farther north than the expected location 
for upwelling along a simple fault termination or step-over, indicating that there are other 
factors contributing to outflow. 
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Temperatures within the grid-like arrangement of measurements (C), at the 
southern termination of the range, ranged from 19.6 to 48.5, 0.3 to 29.2 above 
background temperature, respectively (Figure 24). Temperatures along trend of Traverse 
B increase southward and remain hot along the southern edge of the grid (Figure 24). 
However, temperatures decrease rapidly toward the western edge of the grid. The hottest 
temperatures from Traverse B are separated from the hottest temperatures of grid C by an 
area with lower temperatures. 
 In summary, shallow temperatures are elevated across most of the area, but 
particularly uphill of each set of springs and downhill of the right step in the range. The 
high temperatures uphill of each set of springs are separated by relatively lower 
temperatures. This suggests the possibility of separate upwelling zones above each set of 
springs. The high temperatures near the right step extend much farther north than 
expected, but no hot springs occur downhill of these high-temperature points. This 





Figure 9.14. Map showing the actual temperatures measured from two meters depth 
(corrected for season/albedo). Traverses shown by solid blue lines and letters, range-




 Geophysical data were used to aid in the interpretation of the subsurface geology. 
Magee Geophysical Services conducted geophysical surveys across the eastern and 
southern end of the Granite Range for the Bright Holland Company. These data were 
made available for this study by US Geothermal. Gravity and magnetic surveys span the 
majority of the map area. For both of these surveys, gridded data points were converted 
into continuous rasters for comparisons of values across the region. From these, profiles 
were generated across three representative areas. 
Gravity 
 The gravity gradient in this area is typical of a simple fault-bounded basin with a 
single bedrock lithology. The highest Complete Bouguer Anomaly values in the exposed 
bedrock of the Granite Range decrease to the east as bedrock becomes deeper under the 
fault-bounded basin (Figure 25). The north-northeast-trending, tightly-spaced contours in 
the northern part of the survey become slightly more widely-spaced to the south, likely 
due to sub-parallel splaying of the range-bounding fault. At the southern part of the 
survey, the contours shift to an east-northeast trend (Figure 25). A low in the data in the 
southeastern part of the map indicates a deeper basin here. This provides support for the 
case of east-northeast structures above Mud Springs. Profiles across the tightly-spaced 
northern part of the survey, the more widely-spaced middle part of the survey, and the 
shift in direction at the south are described below. Uniformity of contours across the 




Figure 25. Complete Bouguer Anomaly values across the study area. Triangles show gravity 





 Ground magnetic data across this area also suggest a simple fault-bounded basin. 
Both the gravity and magnetic data do not reflect major anomalous bodies at depth. 
Anomalous highs in the magnetic data along the range front may be associated with 




Figure 26. Total Magnetic Intensity values across the area. Triangles show locations of 




Figure 27. Profile A-A’ across a known fault. Gravity (CBA) data in orange, magnetic 
(TMI) data in gray, and basin depth, modeled from the gravity data, in blue. The location 
and orientation of the range-bounding fault (black) are based on these data and the location 
of the scarp at the ground surface. 
 A profile was extracted across an area of well-defined fault scarps along a single 
trace of the range-bounding fault in the northern portion of the study area (A-A’). Both 
the magnetic and gravity profiles are smooth, simple profiles (Figure 27). The location of 
the scarp on the surface corresponds to an inflection point on the magnetic peak (Figure 
27). The smooth gravity profiles translate into a smooth basin profile (Figure 27). The 
bedrock is assumed to be the same lithology across the entire profile. Connecting the 
scarp at the surface to the interpreted normal fault at depth gives a down-to-the-east 
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minimum dip of 63°. This line provides the basis for interpretation of lines B-B’ and C-
C’. 
 
Figure 28. Profile B-B’ across the altered bench of bedrock. Gravity (CBA) data in orange, 
magnetic (TMI) data in gray, and basin depth data in blue. 
 The profile across B-B’ extends across the altered bench of bedrock above Great 
Boiling Springs and shows data very similar to those of A-A’. The altered bench occupies 
a magnetic low in the profile (Figure 28). The fault that bounds the eastern side of the 
66 
 
bench has the same signature as the range-bounding fault shown in A-A’. This fault 
corresponds to the inflection point on the magnetic peak.  The down-to-the-east normal 
fault is calculated to have a minimum dip of 57°. More faults can be inferred from these 
data in conjunction with the surface geology. The western edge of the altered bench may 
be bound by a more shallowly-dipping synthetic fault. A slight negative slope in the 
magnetic profile here and a slight shift in the gravity gradient support this. The basin at 
the western end of the profile is deeper than that of A-A’, which is consistent with 
regional gravity data (Saltus and Jachens, 1995; Ponce et al., 2006) and suggests more 




Figure 29. Profile C-C’ across suspected structures around Mud Springs. Gravity (CBA) 
data in orange, magnetic (TMI) data in gray, and basin depth data in blue. 
 A north-south profile at the southern part of the study area provides further 
evidence for separate controlling structures on the geothermal upwelling at Mud Springs 
(Figure 29). The differences between this magnetic profile and those farther north 
(Figures 27 and 28) can be accounted for by the shift in the trend of the profile from sub-
parallel to the earth's magnetic field lines to sub-perpendicular to them. The gravity and 
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basin thickness data show patterns similar to those seen in the previous two profiles.  The 
depth of the basin at the south end of this profile interpreted from these and regional 
gravity data indicates that termination of the north-northeast-striking eastern range-front 
fault, alone, could not produce the observed basin.  Rather, two south-dipping faults with 
minimum apparent dips of 57° are indicated.  The locations of these faults are indicated 
by inflections in the magnetic profile, and offsets along them are suggested by the gravity 
profile (Figure 29).  These interpreted structures are consistent with the abrupt southward 
topographic termination of the Granite Range. 
Summary of data 
Quaternary mapping documents movement along a single trace of the range-
bounding Gerlach fault zone in the last 13 ka. Quaternary deposits consist of Lake 
Lahontan deposits and subsequently-deposited alluvial fans, playa and eolian deposits, 
and active channels. Fault scarps cut all but the active and most recently abandoned 
deposits (Q1a, Q1b, Qp, Qpm). These scarps have an average strike of ~020°. Scarps are 
progressively larger in increasingly older units, indicating that there have been multiple 
faulting events. This also indicates that faulting is very recent, likely much younger than 
13 ka. Active faults are more likely to host a geothermal system than faults older than 
Quaternary (Bell and Ramelli, 2007). 
The planar, northwest-striking, range-crossing fracture zones are densely 
fractured, much more so than the surrounding areas. The fractures within these zones 
have strong preferred orientations, striking northwest to north-northwest, northeast to 
east-northeast, and north-northeast. The primary northwest and northeast sets are 
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orthogonal to each other. These orientations reflect the orientations of larger recognized 
structures: the northwest-striking, range-crossing fracture zones and the north-northeast-
striking, range-bounding fault. These larger structures likely intersect and enhance 
permeability in the geothermal system.  
Veins in the altered areas above Great Boiling Springs and Mud Springs can be 
used as proxies for characteristics of current geothermal fluid pathways. Veins are 
composed of silica and calcium carbonate; some calcium carbonate veins contain silica 
fragments. These veins occur within hydrothermally altered granodiorite. The nature of 
alteration and presence of veins of these compositions indicate that these altered areas are 
remnant geothermal systems, possibly related to the contemporary system. 
Although the compositions of veins in the two topographically separate altered 
areas are the same, the dominant orientations of these veins are different. There are 
northwest-striking sets of silica veins and calcite veins in the altered bench. These 
northwest-striking sets of veins are not present above Mud Springs. There are east-
northeast- to east-southeast-striking sets of silica veins, calcite veins, and silica-in-calcite 
veins above Mud Springs. These dominantly east-northeast-striking veins are not present 
in the altered bench. This indicates a separate structural component of upwelling at each 
set of springs.  
In both altered sections, more northerly-striking veins cut and therefore post-date 
more easterly-striking veins. In the altered bench above Great Boiling Springs, 
northwest-striking veins post-date north-northeast- and northeast-striking veins. In the 
altered granodiorite above Mud Springs, north-striking veins post-date east-northeast- to 
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east-southeast-striking veins. In both altered areas, the compositions of veins with cross-
cutting relationships varies. Silica veins, which indicate the hottest temperatures of 
geothermal fluids, exist in all orientations in both altered sections. 
 Although temperatures fluctuate across orifices at each set of springs, near-boiling 
temperatures document fluids from a hot reservoir reaching the surface. Temperatures at 
Great Boiling Springs and Mud Springs are up to 94° C and 85.4° C, respectively. 
Additionally, the sinter at the north end of Great Boiling Springs documents reservoir 
temperatures of >175°C. These high temperatures make this an ideal system for 
development for power generation.  
Shallow temperature (two-meter) measurements across the area indicate a 
geothermal system with complex structural controls that reaches the surface at two 
springs with different controlling structures (Figure 9.14). The surveys show elevated 
temperatures near the small right step in the range , directly uphill of Great Boiling 
Springs, and directly uphill of Mud Springs. Temperatures decrease northward and 
westward from the elevated temperatures. Although the temperatures eventually decrease 
northward, high shallow temperatures persist much farther north of the hot springs than 
expected from the apparent outflow pattern. The highest temperatures of the surveys 
(above each set of springs) are separated by lower temperature points at the same 
elevation.  
Geophysical data in the region, particularly gravity data, provide evidence for 
previously unmapped structures and separate upwelling paths between the two sets of 
springs. Profile A-A’ across a known fault scarp shows the typical signature of a steeply-
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dipping, single range-front fault. The range-front fault extends southward through profile 
B-B’, near Great Boiling Springs. This profile also documents probable splays of this 
fault as well as the altered bench. North-south profile C-C’, near Mud Springs, 
documents a shift in the trend of gravity contours. This profile and the regional data 
suggest steeply-dipping, down-to-the-south to down-to-the-southeast normal faults.  
DISCUSSION AND INTERPRETATIONS 
Bedrock in the study area contains features, such as veins and fractures, which 
document potential and past geothermal fluid pathways. The altered bench above Great 
Boiling Spring and the altered area above Mud Springs are interpreted as exposed fossil 
geothermal systems, based on the compositions of veins and locations uphill of the 
respective set of springs. Therefore, they can be used as proxies for structural controls on 
current geothermal activity.  
The age of hydrothermal alteration in exposed altered bedrock and Quaternary 
deposits can be constrained to Lahontan time (i.e., ~13 ka), the recency of which supports 
the use of the altered sections as proxies for current geothermal activity. Many boulders 
of altered granodiorite are covered at least partially by a tufa rind, indicating that tufa 
from Lake Lahontan was deposited on these rocks subsequent to alteration and exposure.  
However, silicified lacustrine sediments indicate that some alteration occurred after 
deposition and burial of sediments from Lake Lahontan. Together, these observations 
suggest that geothermal alteration and the subsequent exposure of the altered bench was 
coeval with Lake Lahontan and the recession of Lake Lahontan. Additionally, the 
location of the active hot springs in relation to the two altered areas is consistent with the 
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interpretation that the active geothermal surface expression migrated downhill with the 
recession of Lake Lahontan, i.e., the lowering of the water table. The altered sections can 
therefore be used as reasonable representations of current subsurface processes. 
The two altered zones are similar in character, but they are topographically 
separated. Additionally, there are lower shallow temperature measurements at a constant 
elevation between the high temperature measurements uphill of each set of springs. Both 
sections have a set of north-northeast-striking veins that is similar to the orientation of the 
range-front fault, but the other dominant vein orientations in each altered section are 
different. The dominant trend of the gravity gradient is also different above each set of 
springs. Based on these data, these two altered sections are interpreted as resulting from 
separate previous upwelling zones. The consistent geochemistry of the two sets of springs 
indicates that the geothermal fluid likely originates from the same deep reservoir. 
However, these observed data indicate that the geothermal fluid comes to the surface 
along different structures.  
Vein orientations from the altered bench above Great Boiling Springs indicate 
that upwelling has occurred along subvertical, north-northeast-, northeast-, and 
northwest-striking fractures. North-northeast-striking structures appear to parallel the 
active range-front fault. The northwest-striking set of mineralized structures was only 
observed at the altered bench. This set parallels the strike of the northwest-striking, 
range-crossing fracture zones and the northwest-striking set of fractures within these 
zones. Northeast-striking fractures are also present within the northwest-striking fracture 
zones in the unaltered granodiorite. 
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Because of the high degree of fracturing within the planar range-crossing features 
and the similarity of orientations of structures within these features and in the altered 
bench, it is likely that these features contribute to the permeability of the Great Boiling 
Springs geothermal system at Gerlach. The fractures within the northwest-striking 
features have strong preferred orientations, suggesting that the fracturing is structurally 
controlled. The northwest-striking veins and fractures only observed on the altered bench 
parallel the orientations of the fracture zones. Shallow temperature measurements support 
this interpretation, as the hottest temperatures of the survey are directly in line with the 
intersections of the range-front fault and the projections of the fracture zones (Figure 24). 
Compositions of veins with specific orientations vary, suggesting a complex 
history with multiple pulses of geothermal activity. A complex history is also supported 
by the variability of compositions in cross-cutting relationships. In general, northwest-
striking veins and fractures post-date north-northeast- and northeast-striking veins and 
fractures. Although there is this general trend of temporal relationships between 
orientations, all vein-filling compositions are seen in each vein orientation. The 
complexity of geothermal activity is perhaps best illustrated by calcite veins cutting a 
calcite-silica vein. In this case, silica had to be present, broken into fragments, and caught 
within a northeast-striking calcite vein, which was then cut by northwest-striking calcite 
veins. 
Vein orientations from the altered area above Mud Springs indicate that upwelling 
has occurred along subvertical ~north-, northeast-, and east-northeast-striking fractures. 
The north- and northeast-striking structures are similar to two of the dominant 
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orientations from the altered bench above Great Boiling Springs and are likely related to 
the active range-front fault. The east-northeast-striking structures were only observed in 
the altered area above Mud Springs. Additionally, gravity data indicate steeply-dipping, 
east-northeast-striking structures above Mud Springs. These observations, along with the 
location of Mud Springs, suggest a structural intersection between the Gerlach and Fox 
Range fault zones. This interpretation is a lso supported by the topographic high of 
bedrock between the Fox Range and the Granite Range (Figures 1, 9, 30). 
As within the altered bench, the compositions of sets of veins varies at Mud 
Springs, suggesting a complex history of upwelling. Compositions of veins with cross-
cutting relationships are also variable. Silica veins cuts silica veins, silica cuts calcite 
containing silica, and calcite cuts calcite. However, in all cases, ~north-striking veins cut 





Figure 30. Map of the study area, same view as shown in possible controls, Figure 9, but 
with interpreted controls on the system as discussed in the text. Thick black lines show 
previously mapped, range-front faults, blue lines show the range-crossing fractures. 
Thinner black lines show faults inferred from this study. Dotted lines show proposed 
splaying at the major fault termination, and dashed lines show likely continuations of faults 
past the margin of geophysical data. Upwelling above Great Boiling Springs is interpreted 
to be controlled by a combination of range-front fault terminations and enhanced 
permeability along the range-crossing fractures. Mud Springs is interpreted to be 
controlled by the intersection of range-front fault terminations with east-northeast-striking 





 New data that include detailed mapping of bedrock, Quaternary deposits, and 
fossil systems, spring and two-meter temperature measurements, and analysis of existing 
geophysical data were utilized to determine the specific structural controls on the high-
temperature system at Gerlach. On a broad scale, the system appears to be controlled by 
the termination of major normal faults, but locally, more specific controls can be 
determined. The system is expressed as two sets of hot springs at the surface, and 
although they likely have the same source at depth, the springs appear to come to the 
surface along separate sets of structures. 
In both cases, exposed fossil geothermal systems provide a good proxy for 
interpreting the history of the geothermal system and insight into processes in the active 
system. Altered bedrock at Gerlach records a complex history of geothermal activity that 
has existed and evolved for at least the last 13,000 years. Surface expression of the 
systems migrated laterally as groundwater levels went down with the recession of Lake 
Lahontan, but the controlling structures on each system are interpreted to be the same 
throughout this time interval.  
 Both upwelling zones appear to be related in part to the active north-northeast-
striking Gerlach fault and its apparent termination, but the range-front fault interacts with 
distinctly different structures above each set of springs. Veins that are parallel and sub-
parallel to the active range-front fault dominate both of the separate altered areas. The 
north-northeast-striking range-front fault intersects northwest-striking, range-crossing 
fractures directly uphill of Great Boiling Springs. A significant component of northwest-
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striking veins in the altered bench above Great Boiling Springs reflects this. Additionally, 
the hottest temperatures from the shallow (two-meter) temperature survey are observed 
directly below this intersection. Above Mud Springs, a significant component of east-
northeast-striking veins is observed that are not seen above Great Boiling Springs. These 
veins likely reflect larger east-northeast-striking, south-southeast-dipping faults. These 
faults could represent a structural intersection between the terminations of the Gerlach 
fault and an east-northeast-striking fault system. Overall, the larger system is part of a 
complex hybrid setting.  
 Further work to the south of the Granite Range could provide further insight on 
the controls on this high-temperature system, particularly on the upwelling concentrated 
above Mud Springs. Focused geophysical studies that extend farther to the south and west 
than the data included in this study could aid in determining the extent of unmapped fault 
systems and structural connections between the Gerlach, Fox Range, and possibly 
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Table 1. Spring temperature measurements at Great Boiling Springs 
Orifice no. UTM_E UTM_N Temp (C)  Orifice no. UTM_E UTM_N Temp (C) 
1 299899 4503823 27.6  43 299902 4504011 66.7 
2 299901 4503930 50.3  44 299898 4504010 65.1 
3 299879 4503953 24.1  45 299896 4504009 69.5 
4 299880 4504049 82.8  46 299896 4504009 62.7 
5 299883 4504052 24.1  47 299899 4504005 52.8 
6 299881 4504050 56.8  48 299896 4504001 54.6 
7 299890 4504048 94.0  49 299895 4504001 77.1 
8 299893 4504045 61.6  50 299899 4503999 44.6 
9 299897 4504046 64.4  51 299900 4503986 25.1 
10 299904 4504057 28.0  52 299902 4503891 46.5 
11 299907 4504069 52.7  53 299915 4504004 66.9 
12 299903 4504067 37.3  54 299917 4504005 56.6 
13 299900 4504067 39.0  55 299921 4504009 28.9 
14 299909 4504073 62.1  56 299911 4503981 41.7 
15 299904 4504082 24.3  57 299933 4503986 36.2 
16 299901 4504087 46.8  58 299948 4503959 25.6 
17 299905 4504090 36.7  59 299942 4503952 57.6 
18 299891 4504099 47.6  60 299963 4503960 35.6 
19 299889 4504102 44.1  61 299945 4503952 47.8 
20 299887 4504102 47.8  62 299936 4503946 34.8 
21 299887 4504099 28.6  63 299911 4503929 62.7 
22 299875 4504095 27.5  64 299936 4503921 50.8 
23 299872 4504099 50.0  65 299953 4503925 49.0 
24 299865 4504098 24.6  66 299957 4503921 67.1 
25 299853 4504115 23.4  67 299978 4503938 39.5 
26 299854 4504112 51.6  68 299982 4503944 54.3 
27 299853 4505121 54.6  69 299994 4503947 51.8 
28 299853 4504132 47.2  70 299987 4503925 73.0 
29 299846 4504144 51.6  71 299986 4503922 65.8 
30 299831 4504150 53.4  72 299988 4503905 29.4 
31 299836 4504162 49.5  73 299984 4503884 57.5 
32 299841 4504161 26.7  74 299999 4503885 57.6 
33 299892 4504114 48.5  75 299976 4503881 53.4 
34 299911 4504115 68.6  76 299964 4503868 84.5 
35 299898 4504016 45.9  77 299947 4503861 46.5 
36 299903 4504016 61.4  78 299940 4503852 85.6 
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37 299915 4504007 92.1  79 299935 4503843 30.6 
38 299909 4504007 59.3  80 299925 4503847 75.0 
39 299909 4504008 66.3  81 299924 4503870 51.4 
40 299905 4504008 56.3  82 299906 4503867 49.1 
41 299905 4504009 51.8  83 300010 4503855 35.7 
42 299903 4504010 61.0  84 299957 4503929 61.8 
 
Table 2. Spring temperature measurements at Mud Springs  
Orifice no. UTM_E UTM_N Temp (C) 
1 299239 4502822 38.5 
2 299252 4502859 40.4 
3 299256 4502894 44.8 
4 299255 4502904 53.9 
5 299252 4502933 73 
6 299223 4502943 71.7 
7 299211 4502953 85.3 
8 299133 4503018 42.9 
9 299128 4503021 18.2 
10 299133 4503036 80.5 
11 299158 4503099 70 
12 299055 4503021 46.4 
13 299085 4502834 38.6 
 
Table 3. Shallow (2 m) temperature data 
Station UTM_E UTM_N 1m 1.5m 2m Gradient 
1 299103 4503846 22.7 27.2 30.3 9.1 
2 299066 4504129 18.2 21.0 22.4 5.4 
3 299116 4504205 17.6 19.8 21.1 4.4 
4 299258 4504480 19.1 21.3 22.7 4.3 
5 299329 4504713 17.8 19.9 20.7 4.3 
6 299573 4504940 17.2 19.4 20.6 4.3 
7 299735 4505040 18.1 20.3 21.1 4.4 
8 299891 4504869 26.0 32.1 36.0 12.1 
9 299740 4504627 22.4 25.9 28.2 7.0 
10 299993 4505076 26.6 31.9 35.6 10.5 
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11 300048 4505291 28.2 33.1 37.5 9.9 
12 300213 4505526 22.7 28.9 32.7 12.5 
13 300432 4506139 26.5 31.6 35.1 10.2 
14 300616 4506862 15.6 19.8 21.8 8.3 
15 299247 4504250 18.0 21.4 23.1 6.8 
16 299189 4503567 22.8 28.1 32.4 10.6 
17 298988 4503629 21.2 26.1 29.1 9.7 
18 299635 4504390 40.0 47.1 53.0 14.2 
19 299589 4504300 37.6 43.9 48.1 12.5 
20 299522 4504141 34.3 37.9 41.0 7.2 
21 299490 4504400 31.7 34.3 36.8 5.3 
22 299487 4503801 31.2 33.8 36.4 5.2 
23 299420 4503547 33.5 37.0 40.1 6.9 
24 299098 4503852 25.4 26.6 27.8 2.4 
25 299024 4503858 23.2 23.5 23.8 0.6 
26 299312 4503392 32.3 35.6 38.4 6.6 
27 299263 4503305 35.5 42.4 48.7 13.8 
28 299114 4503300 30.9 36.0 40.1 10.2 
29 298973 4503305 31.3 38.8 46.2 14.9 
30 298784 4503418 23.4 23.9 23.9 0.9 
31 298608 4503557 21.8 20.8 19.6 -1.9 
32 300511 4506691 21.9 21.5 20.7 -0.9 
33 300434 4506410 24.1 25.3 25.9 2.4 
34 300904 4507065 19.5 18.9 18.1 -1.2 
35 301077 4507403 19.1 17.4 15.8 -3.4 
36 300374 4505790 28.4 29.9 31.1 3.0 
 
